Research on so-called "minor taxa" at mesophotic depths has lagged behind that of more commonly researched groups such as fish or hard corals. Exemplar taxa include species of the order Zoantharia, benthic colonial anemones that are cosmopolitan in distribution but understudied in many ecoregion and ecosystems. In this study, we examine the results of rare mesophotic to deep sea surveys (one rebreather, one remotely operated submersible (ROV) + net survey, two ROV surveys) from Japan and Israel. We examined the collected images and video data to provide a first estimate of Zoantharia diversity at mesophotic depths. Zoantharians were observed in all surveys, indicating their ubiquitous presence in mesophotic and deeper ecosystems. Additionally, specimens (n = 12) acquired via these surveys were phylogenetically analyzed with three DNA markers. Phylogenetic results showed the presence of undescribed species based on the uniqueness of acquired DNA sequences, including one specimen belonging to the family Abyssoanthidae, previously only reported from depths below 2000 m. Other specimens belong to groups that inhabit shallower and deeper depths (Antipathozoanthus, Epizoanthus, and Parazoanthidae). These results depart from surveys of mesophotic coral ecosystem fishes and crustaceans, which indicate affiliations almost exclusively with shallow genera and families. We hypothesize that mesophotic depths are an ecotone for zoantharian diversity, with links to both deeper and shallower ecosystem diversity. Future surveys in mesophotic depths should incorporate phylogenetic methods to better catalog so-called "minor taxa" (not only including Zoantharia) and enhance the scientific foundation for conserving the biodiversity of these threatened ecosystems.
INTRODUCTION
Marine biodiversity has always been less well understood than that of terrestrial ecosystems. The obvious hazards and economic challenges of in situ surveys and sampling underwater have been and will remain barriers to scientific research at depth. While the marine biodiversity surveys in past centuries focused on the infralittoral and shallow depths, by the 1970s submersible technology allowed surveys of the deep-sea (Grassle et al., 1975; Heirtzler and Grassle, 1976; Barnes et al., 1977; Corliss et al., 1979; Tunnicliffe et al., 1986) , with surprising discoveries of marine life that have resulted in a dramatic re-thinking of marine biodiversity patterns (e.g., Rex, 1981; Grassle, 1985) . However, the marine realms between the deep-sea (>200 m depths) and shallow waters (0-∼30 m), the so-called "twilight" mesophotic zone, were scarcely examined, as the depths were too shallow for safe submersible operation yet too deep for conventional SCUBA diving (Pyle, 1996; Hinderstein et al., 2010; Kahng et al., 2010) .
However, technological advances in both smaller, remotely operated submersibles (ROVs) (Fricke and Knauer, 1986; Stewart and Auster, 1989; Love et al., 1994; Lindsay et al., 2012) , and in rebreather diving equipment (Stone, 1990; Pyle, 1999 Pyle, , 2000 , have allowed exploration of these mesophotic ecosystems to expand greatly in scale and frequency. Research in these ecosystems have yielded important new discoveries about marine biodiversity (Erdmann et al., 1998; Pyle, 2000; Kane et al., 2014; Rowley, 2014; Kosaki et al., 2017) . However, as seen from both shallow-water and deep-sea work, studies on understudied, or so-called "minor taxa", have lagged.
One such understudied taxon is the order Zoantharia (=Zoanthidea, within Cnidaria: Anthozoa: Hexacorallia), commonly known as "colonial anemones." Zoantharians have been reported from most marine regions of the world, from tidal zones of shallow tropical coral reefs (e.g., Karlson, 1988) to the deep seafloor greater than 5500 m (Reimer and Sinniger, 2010) . The most commonly encountered zoantharian are the shallow coral reef zooxanthellate genera Palythoa and Zoanthus. Due to ease of observation, these groups are better documented than other shallow water Zoantharia (e.g., Karlson, 1988; Acosta et al., 2005; Irei et al., 2011) . On the other hand, at mesophotic to deeper depths, many zoantharian are epizoic, living on other various organisms including sponges, hydroids, antipatharians, octocorals, eunicid worm tubes, and even echinoderms (e.g., Sinniger et al., 2010a; Swain, 2010; Kise and Reimer, 2016; Kise et al., 2018) , utilizing these hosts to help obtain energy from the water column (Swain, 2010) . Diversity-focused research in the deep sea has revealed previously unknown taxa that have reshaped our understanding of the order (Reimer et al., 2007; Reimer and Sinniger, 2010; Sinniger et al., 2013; Carreiro-Silva et al., 2017) . We now know that the deep-sea harbors high levels of zoantharian diversity, mandating more research to catalog and understand this diversity (Reimer et al., 2007; Swain, 2010; Sinniger et al., 2013; Carreiro-Silva et al., 2017) . However, studies on zoantharian at mesophotic and deeper depths are generally lacking, and collection of Zoantharia in mesophotic areas lags behind other benthic organisms such as sponges, stony corals, and octocorals. Thus, it is not known whether such depths harbor species affiliated with shallow (0-30 m) or deep (>200 m) communities, a mixture of both (=ecotone; region of transition between two biological communities), or unique depth-specific biodiversity as observed in brachyuran crabs (Hurley et al., 2016) .
Here we report on mesophotic and deeper adjacent ecosystem (30->200 m depths) surveys from four regions in Japan and Israel based on a variety of technologies including rebreathers, ROVs, traps, and phylogenetic tools. As an example of how our understanding of the biodiversity of understudied taxa can benefit from these platforms, we examine collated data (video images + specimens) from these surveys while focusing on the order Zoantharia. We use these findings to guide future research on neglected minor taxa at mesophotic and deeper depths.
MATERIALS AND METHODS

Surveys and Specimen Identification
Specimens examined in this study were collected by ROV and mixed gas diving (Table 1) , supplemented with in situ video from both ROV and mixed gas dives. Details are provided below.
Specimens were initially identified to family or genus-level (when possible) based on their epizoic associations and external characters, following Low et al. (2016) and relevant literature therein. Final identification of specimens to genus/species-level was based on molecular barcodes and phylogenetic results as detailed below.
Specimens from Japan were deposited in Fujukan University of the Ryukyus Museum (RUMF) under specimen numbers RUMF-ZG-04447 to RUMF-ZG-04455 (Table 1) .
PICASSO Surveys (Okinawa, Sagami Bay)
The untethered remotely operated vehicle (uROV) PICASSO-1 (Lindsay et al., 2012 (Lindsay et al., , 2013 was controlled in real time from a surface support vessel via a φ 0.9 mm fiber optic cable ( Figure 1A) . The main camera was a SONY compact highdefinition camera system (HDC-X300K) and environmental data (temperature, salinity) were also collected concurrently using a CTD-DO (XR-420CTDm, RBR Ltd. 
Okinawa Churaumi Aquarium Surveys
The Okinawa Churaumi Aquarium (OCA) regularly (approximately monthly, weather permitting) samples deep-water fauna around Okinawa-jima Main Island, in the Ryukyu Islands, using various methods including ROVs (Figure 1B) , gill nets, and traps ( Figure 1C) . Collected specimens ( Figure 1D ) are generally brought back alive to OCA and kept in holding tanks in temperature similar to those at the collection depths. Among specimens collected between 2008 and 2018 at depths of 200-650 m were some unidentified colonies of the order Zoantharia (n = 8, Table 1 ). Specimens were preserved in 99% ethanol for molecular analyses, or 5% to 10% SW formalin for future morphological analyses. Material studied is deposited at RUMF ( Table 1) .
Rebreather Surveys (Okinawa)
Surveys were conducted using mixed-gas closed-circuit rebreathers from the surface to 100 m depth between November 9 to November 16, 2017 at two locations, near Seragaki Harbor (26.51 • N, 127.88 • E) and near Cape Hedo, both in Okinawa, Japan (26.85 • N, 128.25 • E) during daylight hours between 10:30 AM and 5:00 PM ( Figure 1G ). Benthic video surveys of MCEs at both sites were opportunistically completed using a Sony RX-100IV video camera in a Nauticam NA-RX100IV housing. Video was used to evaluate presence of Zoantharia. In total, 62 min of video were captured during 9.5 h of diving. No specimens were collected during dives.
Red Sea Surveys
Specimens were collected by ROV (ECA H800) operated by the Sam Rothberg R/V of the Interuniversity Institute for Marine Sciences in Eilat, Red Sea, Israel ( Figures 1E,F) . In situ photography was carried out using a low light black and white camera VS300 (ECA Robotics) and 1CAM Alpha HD camera (SubC imaging). Specimens were obtained using the ROV arm between 153 to 173 m. Colony fragments (subsamples) were preserved in 100% ethanol for genetic analyses. The original samples were preserved in 70% ethanol for morphological identification, and are deposited at the Steinhardt Museum of Natural History, National Center for Biodiversity Studies, Tel Aviv University, Israel (ZMTAU).
Mainland Japan Survey
A single specimen of unidentified zoantharian consisting of three polyps was collected at depths of 300-400 m via net off Sukumo Bay, Kochi, Japan on 11 November 2015 ( Table 1) . The specimen is deposited at the Molecular Invertebrate Systematics and Ecology (MISE), University of the Ryukyus.
Specimens and Phylogenetic Analyses
DNA Extraction, PCR Amplification and Sequencing
Total DNA was extracted using spin-column DNeasy Blood and Tissue Extraction kit (Qiagen, Hilden, Germany). PCR amplification was performed using HotStarTaq Master Mix Kit (Qiagen) for mitochondrial cytochrome oxidase subunit I (COI), mitochondrial 16S ribosomal DNA (16S-rDNA), and the nuclear internal transcribed spacer region of ribosomal DNA (ITSrDNA) including 5.8S ribosomal DNA (5.8S-rDNA), and internal transcribed spacer regions 1 and 2. Loci were amplified utilizing the following primer sets; LCO1490 (5 -GGT CAA CAA ATC ATA AAG ATA TTG G-3 ) and HCO2198 (5 -TAA ACT TCA GGG TGA CCA AAA AAT CA-3 ) (Folmer et al., 1994) for COI, 16SarmL (5 -GGC CTC GAC TGT TTA CCA AA-3 ) • C, and 2 min at 72 • C, followed by a 10 min extension at 72 • C for ITS-rDNA. Amplified PCR products were checked by 1.5% agarose gel and positive PCR products were sequenced in both directions by Fasmac (Kanagawa, Japan) after clean up using shrimp alkaline phosphatase (SAP) and Exonuclease I (Takara Bio Inc., Shiga, Japan).
Phylogenetic Reconstruction
Sequences of COI, 16S-rDNA and ITS-rDNA were manually inspected and edited using Geneious v10.2.3 (Kearse et al., 2012) and deposited in GenBank (MK377410-MK377426 and MK385646-MK385652). Consensus sequences of all genetic markers were aligned with previous published sequences from various genera within the Parazoanthidae, Abyssoanthus and Epizoanthus ( Table 2 ). All alignments were performed using the Muscle algorithm (Geneious plug-in; Edgar, 2004) with default settings and manual editing. Microzoanthus occultus was selected as the outgroup for all genetic markers in this study. Five alignment datasets were generated; 457 base pairs (bp) of 50 sequences for COI; 900 bp of 51 sequences for 16S-rDNA, 461 bp of 40 sequences for ITS1, 165 bp of 42 sequences for 5.8S-rDNA, and 256 bp of 42 sequences for ITS2. The alignment data are available from the corresponding author. The generated alignments were used to construct a collated dataset including 2239 bp and 54 sequences. All missing data were replaced with "N" for phylogenetic analyses. Maximum likelihood (ML) phylogenetic analyses were performed using RAxML v8 (Stamatakis, 2014) with the collated dataset with 1000 pseudoreplicates of bootstrapping. Gene partitions set for ML were selected in RAxML.
RESULTS
PICASSO Surveys
Analyses of the PICASSO video surveys showed the presence of zoantharians on the stalks of numerous glass sponges at the summit of the Sagami Knoll in Sagami Bay at 473 m, and these were identified as Epizoanthus cf. stellaris based on their epizoic association on the stalks of these sponges (Beaulieu, 2001) . During collection, temperature was 6.0 • C and salinity was 33.90.
Additionally, an image of a zoantharian on a eunicid worm from 111 m was acquired from a site off Ishigaki Island, Okinawa (24 • 15.69'N 124 • 4.24'E), and was identified as E. cf. illoricatus based on its epizoic association with eunicid worms (Kise and Reimer, 2016) . During collection, temperature was 25.4 • C and salinity was 34.87. 
Okinawa Rebreather Surveys
Video from the Okinawa rebreather surveys revealed the presence of Umimayanthus sp. (video C0058, 0:20-31) based on its association with an encrusting sponge, E. cf. illoricatus (C0048, whole video; C0084, 0:28 and 0:36) based on its epizoic association with eunicid worms, as well as possible Antipathozoanthus (C0102, 0:33) based on the association with an antipatharian.
Okinawa Surveys
During the Churaumi ROV surveys, eight specimens of zoantharians, which were associated with Porifera [glass sponges; MISE-MZ1, MISE-MZ3 (Figure 2A) , and Demospongiae; MISE-MZ5 on sponge on dead gorgonian or antipatharian, Figure 2C ], antipatharians (MISE-MZ4, Figure 2B ), gastropods (MISE-MZ6), empty mollusk shells [MISE-MZ8 (Figure 2D) , and with hermit crab MISE-MZ9], and as well as on rope (MISE-MZ7, Figure 2E ). Specimens were preliminarily identified to family or generic level based on these associations ( Table 1) . Further identifications were conducted with DNA sequences.
Mainland Japan Surveys
Surveys from Mainland Japan resulted a single specimen of unidentified zoantharian, which was associated with a crinoid (MISE-Kochi1, Figure 2F ). Further identification was conducted via genetic analyses.
Red Sea Surveys
Surveys from Eilat resulted in the collection of four zoantharian specimens (Table 1 ) along with in situ images (Figure 3) . Three of the specimens (ZMTAU Co37438, ZMTAU Co37440, and ZMTAU Co37441) were associated with antipatharians and were preliminarily identified as Antipathozoanthus sp. ( Figure 3A) , while one specimen (ZMTAU Co37525) was associated with octocorals and identified as Parazoanthidae sp. 2 (Figures 3B,C) . Further identifications were conducted with DNA sequences (Table 1) .
Specimens and Phylogenetic Analyses
The phylogenetic tree resulting from the concatenated (COI + 16S + ITS1 + 5.8S + ITS2) analyses showed that the specimens in this study from Okinawa and the Red Sea belonged to three families of zoantharians; Abyssoanthidae, Epizoanthidae, and Parazoanthidae (Figure 4) . Within the Epizoanthidae clade, sequences for specimens MISE-MZ6, MISE-MZ8, and MISE-MZ9 from Okinawa were observed to be nearly identical, and were included in a subclade with Epizoanthus arenaceus from Marseille, France (Reimer et al., 2007) and E. fiordicus from Chile (Sinniger and Häussermann, 2009 ) with high support (ML = 98%). Additionally, specimen MISE-MZ7 from Okinawa was phylogenetically affiliated with Epizoanthus, forming a well-supported subclade with E. aff. arenaceus (ML = 100%) (Figure 4) .
One specimen, MISE-Kochi1 from 300 to 400 m off Sukumo Bay, Kochi, Japan grouped with very high support in a clade basal to previously reported sequences of two species of Abyssoanthus from the deep-sea around Japan with very high support (ML = 100%) (Figure 4) . Within the large Parazoanthidae clade, specimens MISE-MZ1 and MISE-MZ3 from approximately 600 m near Iejima, Okinawa formed a unique, highly supported subclade different from all previously reported zoantharian sequences (ML = 100%). Sequences from specimen MISE-MZ4 from Okinawa grouped closely with previously reported sequences of Savalia savaglia from Marseille, France (Sinniger et al., 2005) with ML = 100%. Similarly, sequences from specimen ZMTAU Co 37441 from Israel formed a clade (ML = 66%) with Antipathozoanthus remengesaui from Japan, the Maldives, the Red Sea and Palau (Kise et al., 2017) . Finally, specimen MISE-MZ5 from Okinawa was placed within the large Umimayanthus subclade with moderate support (ML = 60%) (Figure 4) .
DISCUSSION
While Zoantharia are "minor taxa", they are nearly ubiquitous, reported from almost all marine regions of the world, and are considered important components of the marine fauna (e.g., Karlson, 1983; Irei et al., 2011) . In this study, we observed Zoantharia in every survey with each type of technology employed, even though these surveys were not specifically focused on Zoantharia, demonstrating that these anthozoans may be widespread at mesophotic and deeper depths, at least in Okinawa and the Red Sea. These findings support previous research from other locations that has also indicated the potential for high diversity of zoantharians in deeper waters (Reimer et al., 2007; Swain, 2010; Sinniger et al., 2013; Carreiro-Silva et al., 2017) .
Of particularly interest from our results are the presence of an Abyssoanthidae specimen at 300 to 400 m from Kochi, Japan. Previously, Abyssoanthidae has only been observed from depths of approximately 2000 to 5600 m in Japan (Reimer et al., 2007; Reimer and Sinniger, 2010 ) and the Mediterranean (Sinniger et al., 2010b) , and the discovery of a specimen at these comparatively shallow depths is very surprising. Previously, E. planus has been the only zoantharian known to associate with Echinodermata, in association with sea urchins (Carlgren, 1923; Kise et al., 2018) , and this newly reported Abyssoanthidae specimen represents the first record of a zoantharian in association with the class Crinoidea. This record also represents the first record of the family Abyssoanthidae as epizoic, as previously described specimens were found living directly on hard substrates (Reimer et al., 2007; Reimer and Sinniger, 2010) .
Additionally, specimens MISE-MZ1 and MISE-MZ3 represent a potentially undescribed genus associated with glass sponges. Currently, the only formally described glass sponge-associated species belong to family Epizoanthidae (genera Epizoanthus, Thoracactis) or to genus Isozoanthus within Parazoanthidae (Carlgren, 1923; Low et al., 2016) . The current specimens clearly belong within Parazoanthidae in the phylogenetic analyses, and thus may be an undescribed species from either Isozoanthus or an undescribed genus-level clade within Parazoanthidae.
Four specimens were nested within the genus Epizoanthus, and constitute two species-groups. Specimens MISE-MZ6, MISE-MZ8, and MISE-MZ9, which were sampled several years ago and have proliferated in Churaumi Aquarium holding tanks, covering various substrates including living slit snails, hermit crab shells, and empty shell rubble, indicating that this species, at least in aquaria, is a facultative symbiont. The other Epizoanthus (MISE-MZ7) was found on nylon rope, and was also apparently sampled some time ago, although no specific date was recorded. Both specimens do not match described species in the region, but without more in situ information such as depth or original substrate, no conclusions on their specific identities can be made.
Our work also discovered Parazoanthidae genera deeper than has been previously reported; Umimayanthus sp. in Okinawa (depth >200 m; MISE-MZ5) and Antipathozoanthus sp. in the northern Red Sea (153-169 m), as well as the first formal records of Savalia (MISE-MZ4) in Okinawa. Such results should be taken with caution. Although they represent range and depth extensions, the overall dearth of Zoantharia data from the deep may hinder our ability to make clear conclusions of depth ranges and distributions of species.
From the current results, as well as findings in previous recent research (Reimer et al., 2007; Swain, 2010;  FIGURE 4 | Maximum likelihood (ML) phylogenetic tree of zoantharians including specimens newly collected in this study (in bold). Numbers at nodes represent bootstrap support (ML). Sinniger et al., 2010b Sinniger et al., , 2013 Carreiro-Silva et al., 2017) , we can make two preliminary conclusions. Firstly, it appears that most mesophotic and deep-sea Zoantharia genera are widely distributed in the world's oceans, and across a much greater range of depths than is currently understood. Many genera have been reported from both the Atlantic and Indo-Pacific (Sinniger et al., 2010b; Carreiro-Silva et al., 2017) , and our current work found genera both deeper (Umimayanthus; Antipathozoanthus) and much shallower (Abyssoanthidae) than has previously been recorded. Secondly, these results highlight the dearth of information and distributional records of Zoantharia, and thus, comparisons on mesophotic and deeper water diversity of zoantharians between different regions, such Japan and Israel in this study, remain premature. Moving forward, basic biological data such as records of occurrences of zoantharians from any mesophotic or deeper depths regardless of location should be a research priority, allowing future biogeographical analyses.
The affiliation of mesophotic Zoantharia with both shallow and deep (abyssal) realms invokes a novel biogeographic enigma. Previous studies of fishes and crabs have revealed that mesophotic biodiversity is affiliated almost exclusively with the genera and families of the shallow shelf fauna (Kahng et al., 2014; Hurley et al., 2016) . Either Abyssoanthidae and other deepsea zoantharians have a greater presence in shallow habitat than previously known, or the mesophotic Zoantharia have a "hybrid" origin that includes some deep-sea fauna. Further surveys will likely resolve this dilemma. Previously, it has been hypothesized that shallow-water zooxanthellate zoantharians evolved from deeper water, epibiotic species (Swain, 2010) , and this could partially explain the presence of deep-sea specimens in shallower waters.
Examining the different technologies employed in this study, each has its own strengths and weaknesses. Rebreather surveys allow high resolution in situ images and sampling, while ROV surveys are costlier yet safer, longer, and able to reach greater depths than rebreathers. However, many ROVs such as PICASSO cannot collect specimens, relying instead on highresolution in situ images. Both ROVs and rebreather divers can still provide initial photographic records of species (e.g., Nishikawa et al., 2011) , an enormous step forward given the almost complete lack of data for many marine taxa in many regions of the world, including Zoantharia (e.g., Reimer et al., 2014) . The combination of ROVs or submersibles covering wide areas of the benthic environment followed by rebreather divers targeting specific sites of interest may be the most productive use of both technologies (e.g., Pyle et al., 2016) . Dredging and nets, employed by Churaumi Aquarium, are effective in recovering many specimens, but even when equipped with cameras do not often result in highresolution images of small benthos such as zoantharians, and are indiscriminate in their sampling, potentially damaging other, non-target benthos.
The scant state of knowledge about mesophotic invertebrate fauna in general and Zoantharia in particular is underscored by the substantial gains presented here, based on a modest data set. The need for biodiversity data on understudied and unknown MCE taxa is critical to understanding burgeoning anthropogenic threats (Rocha et al., 2018) including ongoing climate change. With the majority of MCE and deep-sea biological research focusing instead on more recognizable taxa such as fishes and scleractinian corals, observations of "minor taxa" should be incorporated into these ongoing sampling and field protocols to maximize efficiency. For example, rebreather divers or ROVs could take a photographic benthic quadrat or high-resolution image every 10 min. Archiving and depositing such information would rapidly amplify the available distribution data. Specimen deposits are also greatly needed for many other "minor taxa", not only Zoantharia. In addition to specimen vouchers, genetic voucher subsamples are critical to identify novel species and evolutionary processes (Hurley et al., 2016) .
Further research at mesophotic and deep-sea depths will undoubtedly enhance our knowledge of zoantharian diversity, which potentially includes species that have a major ecological role in MCEs, such as the zoantharian "gold coral" S. savaglia (e.g., Cerrano et al., 2010) . As Zoantharia is a cosmopolitan group, data on species distributions are key to a better understanding of marine biogeography (Briggs and Bowen, 2016) . Such information will also help contribute to management decisions in the face of threats to mesophotic habitats (Rocha et al., 2018) , such as tailing disposal (Edinger, 2012) and oil exploration (Francini-Filho et al., 2018) . These minor taxa are a major component of marine ecosystems, and integral to understanding anthropogenic impacts and consequences.
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